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ELECTRIC VEHICLE STEERING/DRIVE CONTROL METHOD 
RELATED APPLICATIONS 

[0001] This application is related to Application No. 10/294,1 13 entitled 
"ELECTRIC VEHICLE STEERING/DRIVE CONTROL METHOD, ELECTRIC 
VEHICLE STEERING/DRIVE CONTROL APPARATUS, AND ELECTRIC 
VEHICLE", filed on November 14, 2002, the entire specification of which is 
incorporated herein by reference for all purposes as if fully set forth herein. This 
application claims priority under 35 U.S.C. § 1 19 to Japanese Patent Application 
No. 2003-136158 filed May 14, 2003, the entire content of which is hereby 
incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0002] Field of the Invention : The present invention relates to a steering 
control method for vehicles — especially electric vehicles — having four-wheel- 
independent steering. In particular, it relates to a vehicle steering control method 
for safely and smoothly operating a vehicle in a steering mode adapted to the 
constraints of passageways in facilities in which the vehicle is being driven, and to 
the placement of objects adjacent to those passageways. In the present application, 
the term 'steering mode' denotes a basic pattern of travel paths described by the 
wheels of a vehicle being steered. 

[0003] Background Art : Previously, in JP Patent Application No. 2001- 
35 1 127, the inventors proposed a method for controlling operation of an electric 
vehicle with four-wheel-independent steering for steering in a wide variety of 
indoor/outdoor facilities such as hospitals, nursing homes, supply distribution 
bases, computer warehouses, large commercial facilities, libraries, 
sports/entertainment complexes, amusement parks, etc., by using steering modes 
adapted to conform to the constraints associated with the passageways in such 
indoor/outdoor facilities, and to the placement of objects in close proximity to the 
passageways. 
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[0004] The specification of that prior JP Patent Application No. 200 1 -35 1 1 27 
describes how the steering of an electric vehicle in which steering/drive control is 
performed through separate drive motors and steering motors for each of its four 
wheels (left front, right front, left rear and right rear) in a number of different 
steering modes Ml, M2, M3, M4, and M5. The specification describes, as 
examples of steering modes, an Ml steering mode wherein the travel paths of the 
right and left rear wheels follow in the paths of the right and left front wheels; an 
M2 steering mode wherein the travel paths of the front and rear wheels run parallel 
to each other; an M3 steering mode wherein the rear wheel turning path relative to 
the front wheel turning path is an 'inside wheel difference path;' an M4 steering 
mode wherein the vehicle turns to the right around the right rear wheel as the 
center of rotation of the turn, and turns to the left around the left rear wheel as the 
center of rotation of the turn; and an M5 steering mode wherein the vehicle turns 
to the right with the right front wheel as the center of rotation of the turn, and turns 
to the left with the left front wheel as the center of rotation of the turn. Also 
proposed in this application is a steering control method wherein a mode is 
selected from the Ml, M2, M3, M4 and M5 steering modes as the mode best 
adapted to the conditions of the passageway to be driven; and the rotation of each 
steering motor and each drive motor then is controlled such that the steering 
angles a 1? a 2 , a 3 , a 4 , and rotation speeds nl, n2, n3, n4, of the respective wheels 
conform to 'steering constraint condition equations' (hereinafter shortened to 
'condition equation') that define the conditions that must exist in order to execute 
the selected prescribed steering mode. 

[0005] The following equations were proposed as steering constraint condition 
equations (condition equations) for the above steering modes. 
[0006] For the Ml steering mode: 
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iJ(R-W) 2 +L 2 : J(R+wy +L 2 
[0007] For the M2 steering mode: 

<Xi = a 2 = a 3 = a 4 (E21) 

= « 2 = «3 = «4 (E22) 

[0008] For the M3 steering mode: 

= tan "fo%J (E32) 



a 3 = a 4 = 0 (E33) 



«, :;n 2: : « 3 : « 4 - j(R-fV) 2 + (2X) 1 : J{R + W) 2 +(2Lf 

i\R-tV\:]R*W\ Ct,34; 
[0009] In the M4 steering mode, for a right turn: 



^-^'(^ (E42) 
a 3 = a 4 = 0 (E43) 
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[0010] and for a left turn: 

«,=tan-[-Aj (E45) 

«2 =-f (E46) 

a 3 = a 4 = 0 (E47) 
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[0011] In the M5 steering mode, for a right turn: 

a,= a 2 = 0 (E51) 
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/ii :n 2 :n y :n A ^H:W:L :jW 2 +L 2 (E54) 
[0012] and for a left turn: 

a,= a 2 - 0 (E55) 

^-tan-^^ (E56) 
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[0013] where, in the above equations, 
a! is the steering angle for the right front wheel, 
<x 2 is the steering angle for the left front wheel, 
a 3 is the steering angle for the right rear wheel, 
<x 4 is the steering angle for the left rear wheel, 
n! is the rotation speed for the right front wheel, 
n 2 is the rotation speed for the left front wheel, 
n 3 is the rotation speed for the right rear wheel, 
a* is the rotation speed for the left rear wheel, 

L is the distance between each wheel and a center-line X between the front and 
rear wheels, 

W is the distance between each wheel and a center-line Y between the left and 
right wheels, and 

R, for the case in which the turning paths of the wheels inscribe concentric arcs, is 
the distance between the center of the concentric arcs and a point central to the 
locations of the four wheels (the distance from the center of the vehicle to the 
vehicle's center of rotation; i.e., the radius of vehicle rotation). 
[0014] The problem with this, however, is that to change the vehicle's 
direction of travel, a steering command is issued with the distance R (vehicle 
turning radius) as a steering command value for increasing or decreasing the R 
setting of the existing steering command value, thus to cause the steering angles of 
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the wheels (a b a 2 , a 3 , a 4 ) to increase or decrease as required to conform to the 
above equations. When the steering command value R is changed from an 
existing value R x to a desired value R 2 , however, it takes a small amount of time 
('steering command lag time') before the wheel steering angles (<X|, a 2 , a 3 , a 4 ) 
reach the new values required to satisfy the above equations. In the steering 
process, during this steering command lag time, the left and right wheels may 
point [severely] outward (toe-out) or [severely] inward (toe-in) with respect to the 
vehicle's direction of travel. (These toe-out and toe-in phenomena are referred to 
in general as the 'toe-in/out phenomenon') If [severe] toe-in/out occurs during the 
steering process, it can apply enough force to the steering mechanism to damage it. 
It can also destabilize objects and people riding in or on the vehicle, creating a 
dangerous situation. 

[0015] For a driver actually operating this vehicle, it would be difficult to grasp, 
in an intuitive or physical sense, how the distance R is related to the steering 
angles of the wheels (direction of travel of the vehicle). Moreover, the value of the 
distance R can invert, going abruptly from - oo to + oo (full left to full right), or 
from + oo to - oo (full right to full left) with the direction of travel of the vehicle as 
the left/right dividing line. Therefore, from the standpoint of practical driving 
considerations, it would not be desirable to use such discontinuous changes in the 
distance R as a steering angle setting parameter for setting steering command 
values for the steering angles a u a 2 , a 3 , a 4 . 

SUMMARY OF THE INVENTION 

[0016] The present invention was devised with the above problems in mind. It 
was devised to prevent the occurrence of [severe] toe-in/out phenomena in the 
steering process of a four-wheel-independent steering vehicle. Also, the present 
invention provides for the use of steering command values other than a distance R 
corresponding to the rotation radius (turning radius) of the vehicle. By using, 
instead of the distance R, an easily understandable steering command value such 
that the physical relationship between the steering command value and the 
vehicle's direction of travel will be reflected in the feel of the steering to a driver 
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of the vehicle, the invention can prevent steering errors by drivers, and enable 
them to quickly and accurately steer the vehicle in the desired direction. It will 
also prevent collisions by preventing vehicles from taking off in the wrong 
direction when starting out from a stopped state, or when changing steering modes. 
[0017] In the present invention, to prevent [severe] toe- in/toe-out phenomena 
from occurring in a four-wheel-independent-steering vehicle steering process, 
steering control is performed wherein, by changing a steering command value, for 
changing the direction of travel of a vehicle by separately controlling steering 
angles CL|, a 2 , a 3 , a 4 of the four wheels in accordance with steering constraint 
condition equations for forming a prescribed steering mode, one of the variables of 
the steering constraint condition equation is used as a steering command value S; 
in a process for changing the steering command value S from a value Si to a value 
S 2 for transitioning the steering angles a l5 a 2 , a 3 , a 4 from the values [<Xi, a 2 , a 3 , 
<*4]si> which correspond to the command value S l5 to the values [a u ot 2 , a 3 , a 4 ] S2 , 
which correspond to the command value S 2 , incremental transition steering angles 
[a 1? a 2 , a 3 , a 4 ] S i + as corresponding to the steering command value (Si + AS), which 
is the steering command value Si to which an incremental steering command value 
AS has been added, are computed as values that satisfy said steering constraint 
condition equation; the steering angles a l5 a 2 , a 3 , a 4 are changed toward the 
incremental transition steering angles [a u a 2 , <x 3 , <x 4 ] S i + as; a ft er the steering angles 
<X|, a 2 , a 3 , a 4 have reached the incremental transition steering angles [<xi, a 2 , a 3 , 
^4] si + as? an <3 steering angle conformance has been detected, incremental transition 
steering angles [ai, a 2 , a 3 , a 4 ] S i + 2 as corresponding to the steering command value 
(Si + 2AS), which is the steering command value (Si + AS) to which an additional 
incremental steering command value AS has been added, are computed as values 
that satisfy said steering constraint condition equation; the steering angles a { , <x 2 , 
a 3 , a 4 are changed toward the incremental transition steering angles [a u <x 2 , <x 3 , 
<* 4 ]si +2as? from this point on, after steering angle conformance of the steering 
angles <x u <x 2 , a 3 , a 4 has been detected, incremental transition steering angles [a^ a 2 , 
<*3> «4]si +nAS corresponding to the steering command value (Si + nAS), which is 
the steering command value Si to which the incremental steering command value 



7 



AS has been added [n times] in succession, are computed as values that satisfy said 
steering constraint condition equations; the steering angles a l3 a 2 , a 3 , a 4 are 
changed toward the incremental transition steering angles [<x l9 a 2 , a 3 , a 4 ] S i + nAS ; 
arrival of the steering angles <x l5 a 2 , a 3 , a 4 at the incremental transition steering 
angles [a u a 2 , a 3 , a 4 ] S i + n AS in steering angle conformance is detected; and the 
process is repeated until the steering angles a 1? a 2 , a 3 , a 4 have been changed from 
the steering angles [a l5 a 2 , a 3 , a 4 ] S i to the steering angles [a l5 a 2 , a 3 , a 4 ] S2 . 
[0018] When synchronous or induction motors are used as wheel drive motors, 
steering is controlled by individually changing the steering angles a l5 a 2 , a 3 , a 4 and 
speeds of rotation nl, n2, n3, n4 of the respective wheels. That is, steering control 
of a four-wheel-independent steering vehicle is effected such that by changing a 
steering command value, for changing the direction of travel of a vehicle by 
separately controlling steering angles ai, <x 2 , <x 3 , a 4 and speeds of rotation nl, n2, 
n3, n4 of the four wheels in accordance with steering constraint condition 
equations for forming a prescribed steering mode, one of the variables of the 
steering constraint condition equation is used as a steering command value S, in a 
process for changing the steering command value S from a value Si to a value S 2 
for transitioning the steering angles a u a 2 , a 3 , a 4 from the values [<x l5 a 2 , a 3 , a 4 ] S i, 
which correspond to the command value Si, to the values [a l5 a 2 , a 3 , a 4 ] S2 , which 
correspond to the command value S 2 , incremental transition steering angles [ai, <x 2 , 
<*3 5 ot 4 ]si + as and incremental transition speeds of rotation [nl, n2, n3, n4] sl +AS 
corresponding to the steering command value (Si + AS), which is the steering 
command value Si to which an incremental steering command value AS has been 
added, are computed as values that satisfy said steering constraint condition 
equations; the steering angles a u a 2 , a 3 , a 4 and speeds of rotation nl, n2, n3, n4 are 
changed toward the incremental transition steering angles [a l5 a 2 , a 3 , a 4 ] sl + AS and 
incremental speeds of rotation [nl, n2, n3, n4] sl +AS ; after the steering angles <x l9 a 2 , 
a 3 , a 4 have reached the incremental transition steering angles [a l5 a 2 , a 3 , a 4 ] si + 
and steering angle conformance has been detected, incremental transition steering 
angles [<x l5 a 2 , a 3 , a 4al iCt2 ^ a4 ] s , +2AS and incremental transition speeds of rotation 
[nl, n2, n3, n4] S i + 2A s corresponding to the steering command value (Si + 2AS), 
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which is the steering command value (S! + AS) to which an additional incremental 
steering command value AS has been added, are computed as values that satisfy 
said steering constraint condition equations; the steering angles a l3 a 2 , a 3 , a 4 and 
speeds of rotation nl, n2, n3, n4 are changed toward the incremental transition 
steering angles [<Xi, a 2 , a 3 , a 4 ] si + 2AS an d incremental transition speeds of rotation 
[nl, n2, n3, n4] sl + 2 as> from this point on, after steering angle conformance of the 
steering angles aj, a 2 , a 3 , a 4 is detected, incremental transition steering angles [a i5 
a 2 , a 3 , a 4 ] si + nAS and incremental transition speeds of rotation [nl, ri2, n3, n4] si +nAS 
corresponding to the steering command value (Si + nAS), which is the command 
value S { to which the incremental steering command value AS has been added [n 
times] in succession, are computed as values that satisfy said steering constraint 
condition equations; the steering angles a l3 a 2 , a 3 , a 4 and speeds of rotation nl, n2, 
n3, n4 are changed toward the incremental transition steering angles [<x l5 a 2 , a 3 , 
a 4 ]S t + nAS and incremental transition speeds of rotation [nl, n2, n3, n4] si + nA s; 
arrival of the steering angles ai, a 2 , a 3 , a 4 at the incremental transition steering 
angles [a u a 2 , a 3 , a 4 ] S i + n AS in steering angle conformance is detected; and the 
process is repeated until the steering angles a u a 2 , a 3 , a 4 have been changed from 
the steering angles [a l? a 2 , a 3 , a 4 ] S i to the steering angles [a l5 a 2 , a 3 , a 4 ] S 2- 
[0019] As one example of a steering command value that is actually used, for 
the case wherein the turning-vehicle-travel-paths of the wheels are concentric arcs, 
a distance R, which is the distance between a point central to the positions of the 
four wheels and a center point of said concentric arcs, is used as the command 
value. That is, steering control of a four-wheel- independent steering vehicle is 
effected such that by changing a steering command value, the direction of travel of 
a vehicle is changed by separately controlling the steering angles a l9 a 2 , a 3 , a 4 of 
the four wheels of the vehicle in accordance with steering constraint condition 
equations for forming a prescribed mode, wherein for the case wherein the 
turning- vehicle-travel-paths of the wheels are concentric arcs, a command value is 
defined as a distance R, which is the distance between a point central to the 
positions of the four wheels, and a center point of said concentric arcs, in a process 
for changing the command value R from a value R { to a value R 2 , for transitioning 
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the steering angles c^, a 2 , a 3 , a 4 from the values [a t , a 2 , a 3 , 0*]^, which correspond 
to the command value R l5 to the values [a l5 a 2 , a 3 , a 4 ]R2 5 which correspond to the 
command value R 2 ; incremental transition steering angles [a ls a 2 , a 3 , a 4 ] R1 + ar 
corresponding to the steering command value (R x + AR), which is the steering 
command value K x to which an incremental steering command value AR has been 
added, are computed as values that will satisfy said steering constraint condition 
equations; the steering angles a{ 9 a 2 , a 3 , a 4 are changed toward the incremental 
transition steering angles [a l5 a 2 , a 3 , a 4 ] R1 + when the steering angles a j5 a 2 , a 3 , 
a 4 have reached the incremental transition steering angles [a l9 a 2 , a 3 , a 4 ] R i + ^ and 
steering angle conformance has been detected, incremental transition steering 
angles [a u a 2 , a 3 , a 4 ] R! + 2AR corresponding to the steering command value (R x + 
2AR), which is the steering command value (R t + AR) to which an additional 
incremental steering command value AR has been added, are computed as values 
that satisfy said steering constraint condition equations; the steering angles a l? a 2 , 
a 3 , a 4 are changed toward the incremental transition steering angles [a 1? a 2 , a 3 , 
okki +2ar> and from this point on, proceeding in the same manner as above, when 
steering angle conformance has been detected, incremental transition steering 
angles [a l9 a 2 , a 3 , a 4 ] R! +nAR corresponding to the steering command value (R! + 
nAR), which is the command value R! to which the incremental steering command 
value AR has been added [n times] in succession, are computed as values that 
satisfy said steering constraint condition equations; the steering angles ai, a 2 , a 3 , 
a 4 are changed toward the incremental transition steering angles [a u a 2 , a 3 , a 4 ] R1 + 
nAR 3 and when the steering angles <x l5 a 2 , a 3 , a 4 have reached the incremental 
transition steering angles [a l5 a 2 , a 3 , a 4 ] R1 +nAR and steering angle conformance has 
been detected, the above process is repeated, continuing until the respective 
steering angles a { , <x 2 , <x 3 , <x 4 have been changed from the steering angles [ai, a 2 , a 3 , 
a 4 ] R1 to the steering angles [a l3 a 2 , a 3 , a^^. 

[0020] Also, to control steering in a four-wheel-independent-steering vehicle in 
which the wheel drive motors are synchronous or induction motors, for case 
wherein the turning-vehicle-travel-paths of the wheels are concentric arcs, a 
steering command value is defined as a distance R, which is the distance between 
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a point central to the positions of the four wheels, and a center point of said 
concentric arcs, in a process for changing the command value R from a value R\ to 
a value R 2 , for transitioning the steering angles <X|, a 2 , a 3 , a 4 from the values [a i5 a 2 , 
<*3, a 4 ] R1 , which correspond to the command value R ls to the values [a u <x 2 , a 3 , 
tt4]R2, which correspond to the command value R2; incremental transition steering 
angles [<x l5 a 2 , a 3 , a 4al ^ 03 a4 ] R1 + ^ and incremental transition speeds of rotation 
[ril, n2, n3, n4] R1 +AR corresponding to the steering command value (R x + AR), 
which is the steering command value R t to which an incremental steering 
command value AR has been added, are computed as values that will satisfy said 
steering constraint condition equations; the steering angles <xj, a 2 , a 3 , a 4 are 
changed toward the incremental transition steering angles [04, a 2 , a 3 , a 4 ] R i + ar and 
speeds of rotation nl, n2, n3, n4 are changed toward the incremental transition 
speeds of rotation [nl, n2, n3, n4] R1 + when the steering angles <Xi, a 2 , a 3 , a 4 
have reached the incremental transition steering angles [a l? a 2 , a 3 , a 4 ] R1 + AR and 
steering angle conformance has been detected, incremental transition steering 
angles [a l5 a 2 , a 3 , a 4 ] R1 +2AR and incremental transition speeds of rotation [nl, n2, 
n3, n4] R1 +2AR corresponding to the steering command value (R { + 2AR), which is 
the steering command value (R! + AR) to which an additional incremental steering 
command value AR has been added, are computed as values that satisfy said 
steering constraint condition equations; the steering angles a l9 a 2 , a 3 , a 4 are 
changed toward the incremental transition steering angles [a l5 a 2 , a 3 , a 4 ] R1 + 2AR and 
the speeds of rotation n2, n2, n3, n4 are changed toward incremental transition 
speeds of rotation [nl, n2, n3, n4] R1 + 2AR ; and from this point on, proceeding in the 
same manner as above, after steering angle conformance has been detected, 
incremental transition steering angles [a u a 2 , a 3 , a 4 ] R1 +nAR and incremental 
transition speeds of rotation [nl, n2, n3, n4] R1 +nAR corresponding to the steering 
command value (Ri + nAR), which is the command value R } to which the 
incremental steering command value AR has been added [n times] in succession, 
are computed as values that satisfy said steering constraint condition equations; 
the steering angles a 1? a 2 , a 3 , a 4 are changed toward the incremental transition 
steering angles [a l? a 2 , a 3 , a 4 ] R j +nAR and the speeds of rotation nl, n2, n3, n4 are 
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changed toward incremental transition speeds of rotation [nl, n2, n3 5 n4] R1 + nAR ; 
and when the steering angles cxi, a 2 , a 3 , a 4 have reached the incremental transition 
steering angles [a u a 2 , a 3 , a 4 ] R1 +nAR and steering angle conformance has been 
detected, the above process is repeated, continuing until the respective steering 
angles a 1? a 2 , a 3 , a 4 have been changed from the steering angles [<Xi, a 2 , a 3 , a 4 ] R1 to 
the steering angles [a i? a 2 , a 3 , a*]^. 

[0021] Also, steering constraint condition equations for forming prescribed 
steering modes are disclosed. As examples, equations for two steering modes that 
would probably be used as the prescribed mode most often will be presented. One 
of these is a mode in which, during turns, the left and right rear wheels follow in 
the travel paths of the left and right front wheels, respectively (referred to herein 
as 'steering mode MT), and the other is a mode in which, during turns, the travel 
paths of the rear wheels constitute 'inside wheel difference 5 paths with respect to 
the travel paths of the front wheels (referred to herein as 'steering mode M3'). 
[0022] For forming the steering mode Ml, the steering constraint condition 
equations are: 

■ <*i m+~&^= tan- 1 r - — J . 
[0023] and 

[0024] and for forming the steering mode M3, the steering constraint condition 
equations are: 

\^R+W) 

a 3 = a 4 = 0 
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[0025] and 

*i-n 2 • % ; «4 = -W) 2 4. (2/.) 2 : jCR + tvy* + (2L) 2 

[0026] where 

[0027] ai, a 2 , a 3 , and <x 4 , are the steering angles of the right front wheel, left 

front wheel, right rear wheel, and left rear wheel, respectively; 

[0028] nl, n2, n3, and n4 are the speeds of rotation of the right front wheel, left 

front wheel, right rear wheel, and left rear wheel, respectively; 

[0029] L is the distance between the wheels and a center line X between the 

front wheels and rear wheels; 

[0030] W is the distance between the wheels and a center line Y between the 
left wheels and right wheels; and 

[0031] R, which is used as the command value, is the distance between a point 
central to the positions of the four wheels and a center point of said concentric arcs. 
[0032] Note that when there is no need to forcibly control the speeds of 
rotation nl, n2, n3, and n4 of the right front, left front, right rear and left rear 
wheels, respectively, the above equations related to nl, n2, n3 and n4 are not 
required. 

[0033] Also, in the present invention, a command value that conforms more 
closely to the driver's sense of steering direction is used, thus preventing driver 
operation errors, and enabling the driver to steer in the desired direction with 
greater certainty. That is, instead of using the distance R (a distance equivalent to 
the turning radius of the vehicle) as the command value, either an angle 0^, which 
is the angle formed between a center line Y (the center line between the left 
wheels and right wheels of the vehicle) and the direction of travel of a point Pn (an 
arbitrarily located point on the vehicle); or an angle Oq, which is the angle formed 
between the center line Y and a point Po (the center point of a line connecting the 
left and right front wheels of the vehicle) can be used. 

[0034] That is, in the present invention, steering control of a four-wheel- 
independent-steering vehicle is performed such that in steering control wherein, by 
changing how a steering command value taken for changing the direction of travel 
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of a vehicle by separately controlling steering angles a x , a 2 , a 3 , a 4 of the four 
wheels in accordance with steering constraint condition equations for forming a 
prescribed steering mode, an angle a^ the angle formed between a center line Y 
between the left and right wheels of the vehicle, and the direction of travel of an 
arbitrary point Pn on the vehicle is used as a steering command value; in a process 
for changing the steering command value a„ from a value to a value for 
transitioning the steering angles <x l5 a 2 , a 3 , a 4 from the values [a u a 2 , a 3 , a^]^, 
which correspond to the command value a^, to the values [a 1? a 2 , a 3 , a 4 ] an2 , which 
correspond to the command value a n2 , incremental transition steering angles [ai, a 2 , 
a 3 , a 4 ] anl + Aan corresponding to the steering command value (a^ + Acin), which is 
the steering command value to which an incremental steering command value 
Actn has been added, are computed as values that satisfy said steering constraint 
condition equation; the steering angles a { , <x 2 , a 3 , a 4 are changed toward the 
incremental transition steering angles [a l3 a 2 , a 3 , a 4 ] anl + Aan ; after the steering 
angles a i5 a 2 , a 3 , a 4 have reached the incremental transition steering angles [a 1? a 2 , 
<*3, a^an! + Aan , and steering angle conformance has been detected, incremental 
transition steering angles [a l5 a 2 , a 3 , a 4 ] an i + 2Aan corresponding to the steering 
command value (a^ + 2Aa n ), which is the steering command value to which an 
additional incremental steering command value Aotn has been added, are computed 
as values that satisfy said steering constraint condition equation; the steering 
angles a u a 2 , a 3 , a 4 are changed toward the incremental transition steering angles 
[<Xi, a 2 , a 3 , a 4 ] anl + 2Aan ; from this point on, after steering angle conformance of 
steering angles a u a 2 , a 3 , a 4 has been detected, incremental transition steering 
angles [a l5 a 2 , a 3 , a 4 ] anl + n Aan corresponding to the steering command value (an! + 
nAan), which is the command value an x to which the incremental steering 
command value Aan has been added [n times] in succession, are computed as 
values that satisfy said steering constraint condition equations; the steering angles 
a b a 2 , a 3 , a 4 are changed toward the incremental transition steering angles [ai, a 2 , 
<*3> a 4 ] an i +nAan ; arrival of the steering angles ai, a 2 , a 3 , a 4 at the incremental 
transition steering angles [a x , a 2 , a 3 , +nAan in steering angle conformance is 
detected; and the process is repeated until the steering angles aj, a 2 , a 3 , a 4 have 
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been changed from the steering angles [a b a 2 , a 3 , a 4 ] anl to the steering angles [a l5 

U>2> <*3, a4]an2. 

[0035] Also, as an alternative, steering control of a four-wheel-independent- 
steering vehicle may be performed such that in steering control wherein by 
changing how a steering command value is taken for changing the direction of 
travel of a vehicle by separately controlling steering angles a b a 2 , a 3 , a 4 and 
speeds of rotation nl, n2, n3, n4 of the four wheels in accordance with steering 
constraint condition equations for forming a prescribed steering mode, an angle a„, 
the angle formed between a center line Y between the left and right wheels of the 
vehicle, and the direction of travel of an arbitrary point Pn on the vehicle is used 
as a steering command value; in a process for changing the steering command 
value On from a value to a value <Xn 2 for transitioning the steering angles <Xi, <x 2 , 
a 3 , a 4 from the values [<Xi, a 2 , a 3 , a 4 ] anl , which correspond to the command value 
a ni , to the values [<x l5 a 2 , a 3 , a 4 ] an2 , which correspond to the command value a^, 
incremental transition steering angles [a u a 2 , a 3 , a 4 ] anl + Aan and incremental 
transition speeds of rotation [nl, n2, n3, n4] anl + Aan corresponding to the steering 
command value (0^1 + AdJ, which is the steering command value a n! to which an 
incremental steering command value Aa n has been added, are computed as values 
that satisfy said steering constraint condition equation; the steering angles a u a 2 , 
a 3 , a 4 and speeds of rotation nl, n2, n3, n4, are changed toward the incremental 
transition steering angles [<Xi, <x 2 , a 3 , a 4 ] anl + Aan and incremental transition speeds of 
rotation [nl, n2, n3, n4] anl +Aan , after the steering angles a u a 2 , a 3 , a 4 have reached 
the incremental transition steering angles [a l5 a 2 , a 3 , a 4 ] anl + Aan , and steering angle 
conformance has been detected, incremental transition steering angles [<x l5 <x 2 , a 3 , 
a 4 ]ani + 2Aan and incremental transition speeds of rotation [nl, n2, n3, n4] anl +2Aan 
corresponding to the steering command value (<x nl + 2A(Xn), which is the steering 
command value (a nl 4- Aan) to which an additional incremental steering command 
value Aan has been added, are computed as values that satisfy said steering 
constraint condition equation; the steering angles a l5 a 2 , a 3 , a 4 and speeds of 
rotation nl, n2, n3, n4 are changed toward the incremental transition steering 
angles [cii, <x 2 , a 3 , a 4 ] anl +2Aan and incremental transition speeds of rotation [nl, n2, 
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n3, n4] on i +2a<m; from this point on, after steering angle conformance of steering 
angles a l5 a 2 , a 3 , a 4 has been detected, incremental transition steering angles [ai, a 2 , 
a 3 , a 4 ] an , 

+ nAan incremental transition speeds of rotation [nl, n2, n3, n^ani +nAan> 
corresponding to the steering command value (an! + nAan), which is the command 
value an! to which the incremental steering command value Aan has been added 
[n times] in succession, are computed as values that satisfy said steering constraint 
condition equations; the steering angles a l5 a 2 , a 3 , a 4 and speeds of rotation nl, n2, 
n3, n4 are changed toward the incremental transition steering angles [<Xi, a 2 , a 3 , 
a 4]ani + nAa n ; and incremental transition speeds of rotation [nl, n2, n3, n4] an i + nAan ; 
arrival of the steering angles a l5 a 2 , a 3 , a 4 at the transition steering angles [a u a 2 , 
«3, «4]ani + nAan m steering angle conformance is detected; and the process is 
repeated until the steering angles a u a 2 , a 3 , a 4 have been changed from the steering 
angles [a l3 a 2 , a 3 , a 4 ] anl to the steering angles [a u a 2 , a 3 , a 4 ] an2 . 
[0036] Then, with the steering command value defined as the angle an, the 
steering constraint condition equations for forming a prescribed steering mode Ml 
may be expressed as 



<x. = = tan " 



tan<x„ 



■;. <x 2 = - i a>^= ;.tan: : 
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[0037] and the steering constraint condition equations for forming a prescribed 
steering mode M3 are 
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[0038] and 
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[0039] where 

[0040] a 1? a 2 , a 3 , and <x 4 are the steering angles of the right front wheel, left 

front wheel, right rear wheel, and left rear wheel, respectively; 

[0041] nl, n2, n3 and n4 are the speeds of rotation of the right front wheel, left 

front wheel, right rear wheel, and left rear wheel, respectively; 

[0042] L is the distance between the wheels and a center line X between the 

front wheels and rear wheels; 

[0043] W is the distance between the wheels and a center line Y between the 
left wheels and right wheels; 

[0044] x n and y n are the x and y coordinates of an arbitrary point on the vehicle, 
Pn; and 

[0045] On (the steering command value) is the angle formed between the center 
line Y between the left and right wheels of the vehicle, and the direction of travel 
of the point Pn. 

[0046] Note that when there is no need to forcibly control the speeds of 
rotation nl, n2, n3, and n4 of the right front, left front, right rear and left rear 
wheels, respectively, the above equations related to nl, n2, n3 and n4 are not 
required. 

[0047] Also, in the present invention, steering control of a four-wheel- 
independent-steering vehicle may be performed such that in steering control 
wherein, by changing how a steering command value is taken, for changing the 
direction of travel of a vehicle by separately controlling steering angles a u <x 2 , a 3 , 
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a 4 of the four wheels in accordance with steering constraint condition equations 
for forming a prescribed steering mode, an angle <x 0 , the angle formed between a 
center line Y between the left and right wheels of the vehicle, and the direction of 
travel of a point Po, the center point on a line connecting the left and right front 
wheels, is used as a steering command value; in a process for changing the 
steering command value a Q from a value a 0 i to a value a o2 for transitioning the 
steering angles a x , a 2 , a 3 , a 4 from the values [a 1? a 2 , a 3 , a 4 ] aol , which correspond to 
the command value a 0l , to the values [a {9 a 2 , a 3 , a 4 ] ao2 , which correspond to the 
command value a o2 , incremental transition steering angles [<x l5 <x 2 , <x 3 , a 4 ] ao! + Aao 
corresponding to the steering command value (a 0l + Aa^), which is the steering 
command value <x 0l to which an incremental steering command value Aa 0 has been 
added, are computed as values that satisfy said steering constraint condition 
equation; the steering angles a 1? a 2 , a 3 , a 4 are changed toward the incremental 
transition steering angles [a 1? a 2 , a 3 , a 4 ] ao i + Aao ; after the steering angles a t , a 2 , a 3 , 
a 4 have reached the incremental transition steering angles [<x l5 a 2 , a 3 , a 4 ] aol + Aao , 
and steering angle conformance has been detected, incremental transition steering 
angles [a u a 2 , a 3 , a 4 ] aol + 2Aao corresponding to the steering command value (<x o1 + 
2Aa 0 ), which is the steering command value (a 0l + Aa G ) to which an additional 
incremental steering command value Aa G has been added, are computed as values 
that satisfy said steering constraint condition equation; the steering angles <x l? <x 2 , 
<x 3 , a 4 are changed toward the incremental transition steering angles [a l5 a 2 , a 3 , 
<* 4 ] a oi +2Aa 0 ; from this point on, after steering angle conformance of steering angles 
<Zi, a 2 , a 3 , a 4 has been detected, incremental transition steering angles [a u a 2 , a 3 , 
a 4]ao + nAao corresponding to the steering command value (aoj + nAao), which is the 
steering command value aol to which the incremental steering command value 
Aao has been added [n times] in succession, are computed as values that satisfy 
said steering constraint condition equations; the steering angles a l5 a 2 , a 3 , a 4 are 
changed toward the incremental transition steering angles [a u a 2 , a 3 , a 4 ] ao , +nAao ; 
arrival of the steering angles a {9 a 2 , a 3 , a 4 at the transition steering angles [a l3 a 2 , 
a 3> <* 4 ] aol + nAao in steering angle conformance is detected; and the process is 
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repeated until the steering angles <x l9 a 2 , a 3 , a 4 have been changed from the steering 
angles [a,, a 2 , a 3 , a 4 ] ao , to the steering angles [a lf a 2 , a 3 , 04] ao2 . 
[0048] Also, as an alternative, steering control of a four-wheel-independent- 
steering vehicle may be performed such that in steering control wherein, by 
changing how a steering command value is taken, for changing the direction of 
travel of a vehicle by separately controlling steering angles a u a 2 , a 3 , a 4 and 
speeds of rotation nl, n2, n3, n4.of the four wheels in accordance with steering 
constraint condition equations for forming a prescribed steering mode, an angle <x 0 , 
the angle formed between a center line Y between the left and right wheels of the 
vehicle, and the direction of travel of a point Po, the center point on a line 
connecting the left and right front wheels, is used as a steering command value; in 
a process for changing the steering command value a G from a value a ol to a value 
a o2 for transitioning the steering angles oti, <x 2 , a 3 , a 4 from the values [ai, a 2 , a 3 , 
<*4]aoi> which correspond to the command value a G i, to the values [a l5 a 2 , a 3 , a 4 ] ao2 , 
which correspond to the command value a o2 , incremental transition steering angles 
[<Xi, <x 2 , a 3 , a 4 ] ao i +Aao and incremental speeds of rotation [nl, n2, n3, n4] aol + Aao 
corresponding to the steering command value (a 0 i + Aa Q ), which is the steering 
command value a 0l to which an incremental steering command value Aa 0 has been 
added, are computed as values that satisfy said steering constraint condition 
equation; the steering angles a l5 a 2 , a 3 , a 4 are changed toward the incremental 
transition steering angles [ai, a 2 , a 3 , a 4 ] ao! + Aao and the incremental speeds of 
rotation nl, n2, n3, and n4 are changed toward the incremental transition speeds of 
rotation [nl, n2, n3, n4] aol + Aao ; after the steering angles a u <x 2 , a 3 , a 4 have reached 
the incremental transition steering angles [a 1? a 2 , a 3 , a 4 ] aol + Aa0 , and steering angle 
conformance has been detected, incremental transition steering angles [a x , a 2 , a 3 , 
a 4 ]aoi +2Aao and incremental transition speeds of rotation [nl, n2, n3, n4] aol + 2Aao 
corresponding to the steering command value (a 0 i + 2Aa Q ), which is the steering 
command value a Ql to which an additional incremental steering command value 
Aoto has been added, are computed as values that satisfy said steering constraint 
condition equation; the steering angles a u a 2 , a 3 , a 4 are changed toward the 
incremental transition steering angles [a l5 a 2 , a 3 , a 4 ] aol +2Aao and the speeds of 
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rotation nl, n2, n3, n4 are changed toward the incremental transition speeds of 
rotation [nl , n2, n3, n4] ao! + 2Aao ; from this point on, after steering angle 
conformance of steering angles <x l5 a 2 , a 3 , a 4 has been detected, incremental 
transition steering angles [a u a 2 , a 3 , a 4 ] aol +nAa0 and incremental transition speeds 
of rotation [nl, n2, n3, n4] aol + nAao corresponding to the steering command value 
(ao! + nAao), which is the steering command value aoj to which the incremental 
steering command value Aao has been added [n times] in succession, are 
computed as values that satisfy said steering constraint condition equations; the 
steering angles a b a 2 , a 3 , a 4 are changed toward the incremental transition steering 
angles [<X|, <x 2 , a 3 , a 4 ] aol +nAao , the speeds of rotation nl, n2, n3, n4 are changed 
toward the incrementaUransition speeds of rotation [nl, n2, n3, n4] aol + Aao ; arrival 
of the steering angles a l5 a 2 , a 3 , a 4 at the transition steering angles [a u a 2 , a 3 , a 4 ] ao! 
+ nAao m steering angle conformance is detected; and the process is repeated until 
the steering angles <Xi, a 2 , a 3 , a 4 have been changed from the steering angles [<x l5 a 2 , 
<*3, a 4 ] aol to the steering angles [a u a 2 , a 3 , a 4 ] ao2 . 

[0049] Then, with the steering command value defined as the angle <x 0 , the 
steering constraint condition equations for forming a prescribed steering mode Ml 
may be expressed as 
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[0051] and the steering constraint condition equations for defining a prescribed 
steering mode M3 may be expressed as 
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a 3 = a 4 = 0 
[0052] ; 



and 




[0053] where 

[0054] a l5 a 2 , a 3 , and a 4 are the steering angles of the right front wheel, left 



front wheel, right rear wheel, and left rear wheel, respectively; 

[0055] nl, n2, n3, and n4 are the speeds of rotation of the right front wheel, left 

front wheel, right rear wheel, and left rear wheel, respectively; 

[0056] L is the distance between the wheels and a center line X between the 

front wheels and rear wheels; 

[0057] W is the distance between the wheels and a center line Y between the 
left wheels and right wheels; and 

[0058] a Q (the steering command value), is the angle formed between the 
center line Y between the left and right wheels of the vehicle and the direction of 
travel of the point Po, which is the center point on a line connecting the left and 
right front wheels. 

[0059] Note that when there is no need to forcibly control the speeds of 
rotation nl, n2, n3, and n4 of the right front, left front, right rear and left rear 
wheels, respectively, the above equations related to nl, n2, n3 and n4 are not 
required. 

[0060] In addition, in the present invention, in order to prevent collisions from 
occurring when the vehicle is started into motion from a stopped state, or when the 
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steering mode is changed, and to ensure that the vehicle moves off smoothly and 
accurately in the desired direction, operating in the prescribed steering mode, 
when a change is made from one to another of a plurality of steering modes 
including the forward and reverse modes of the vehicle, the steering angles of the 
wheels, a l9 a 2 , a 3 , a 4 , are first momentarily reset to the O-degree straight ahead 
value (a t = a 2 = a 3 = a 4 = 0) before separately changing the steering angles <x l5 <x 2 , 
a 3 , a 4 to conform to the steering constraint condition equations for the prescribed 
mode. 

[0061] Also, when a change is made to select a desired steering mode from a 
plurality of prescribed modes including the forward and reverse modes of the 
vehicle, the vehicle is driven in motion only after the steering angles of the wheels, 
<*i, a 2 , a 3 , a 4 , are in conformance with the steering constraint condition equations 
for the newly selected prescribed steering mode. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
[0062] These and other features, aspects, and advantages of the present 
invention will become apparent with reference to the following description, claims, 
and accompanying drawings, where 

[0063] FIG. 1 is a plan view showing the basic configuration of the body base 
of an electric vehicle according to the present invention. 

[0064] FIG. 2 is an oblique view of a wheel drive/steering block installed on 
the body base of FIG. 1. 

[0065] FIG. 3 is a drawing for explaining steering mode Ml . 

[0066] FIG. 4 is a drawing for explaining steering mode M2. 

[0067] FIG. 5 is a drawing for explaining steering mode M3. 

[0068] FIG. 6 is a drawing for explaining steering mode M4. 

[0069] FIG. 7 is a drawing for explaining steering mode M5. 

[0070] FIG. 8 is a graph showing the relationship between vehicle turning 

radius and steering angle in steering mode Ml . 

[0071] FIG. 9 is a graph showing the relationship between vehicle turning 
radius and steering angle in steering mode M3. 
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[0072] FIG. 10 is a graph showing how steering angle sensitivity is related to 
vehicle turning radius in steering mode Ml . 

[0073] FIG. 1 1 is a graph showing how steering angle sensitivity is related to 
vehicle turning radius in steering mode M3. 

[0074] FIG 12 is a graph showing how vehicle turning radius and steering 
angle are related to time in steering mode Ml. 

[0075] FIG. 1 3 is a graph showing the relationship between steering command 
value and the steering angles of the wheels in steering mode Ml . 
[0076] FIG. 14 is a graph showing the relationship between steering command 
value and the steering angles of the wheels in steering mode M3. 

DETAILED DESCRIPTION 

[0077] The best mode for carrying out the present invention is described in 
detail below, with reference to the attached drawings. One basic mode for 
carrying out the present invention is a four-wheel-independent-steering- vehicle 
steering control method that constitutes steering control wherein, by changing a 
steering command value, for changing the direction of travel of a vehicle by 
separately controlling steering angles ai, a 2 , a 3 , a 4 of the four wheels in 
accordance with steering constraint condition equations for forming a prescribed 
steering mode, one of the variables of the steering constraint condition equation is 
used as a steering command value S; in a process for changing the steering 
command value S from a value S } to a value S 2 for transitioning the steering 
angles a l5 a 2 , a 3 , a 4 from the values [<x l5 a 2 , a 3 , a 4 ] si , which correspond to the 
command value S w to the values [a,, a 2 , a 3 , a 4 ] S2 , which correspond to the 
command value S 2 , 

[0078] incremental transition steering angles [<Xi, a 2 , a 3 , a 4 ] SJ + ^ corresponding 
to the steering command value (S! + AS), which is the steering command value S, 
to which an incremental steering command value AS has been added, are 
computed as values that satisfy said steering constraint condition equation; 
[0079] the steering angles a!, a 2 , a 3 , a 4 are changed toward the incremental 
transition steering angles [a l5 a 2 , a 3 , a 4 ] S i + AS ; 
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[0080] after the steering angles a u a 2 , a 3 , a 4 have reached the incremental 
transition steering angles [a,, a 2 , a 3 , a 4 ] S i + as, and steering angle conformance has 
been detected, incremental transition steering angles [a 1? a 2 , a 3 , a 4 ] S i +2 as 
corresponding to the steering command value (S x + 2 AS), which is the steering 
command value S! to which an additional incremental steering command value AS 
has been added, are computed as values that satisfy said steering constraint 
condition equation; 

[0081] the steering angles <x l5 a 2 , a 3 , <x 4 are changed toward the incremental 
transition steering angles [a u <x 2 , a 3 , a 4 ] S i + 2A s; 

[0082] from this point on, after steering angle conformance of the steering 
angles a u a 2 , a 3 , a 4 has been detected, incremental transition steering angles [ai, a 2 , 
«3> a 4 ] S i +nAS corresponding to the steering command value (S! + nAS), which is 
the steering command value S! to which the incremental steering command value 
AS has been added [n times] in succession, are computed as values that satisfy said 
steering constraint condition equations; the steering angles a u a 2 , a 3 , a 4 are 
changed toward the incremental transition steering angles [<X|, a 2 , a 3 , a 4 ] S i +nA sl 
arrival of the steering angles a u a 2 , a 3 , a 4 at the incremental transition steering 
angles [a b a 2 , a 3 , a 4 ] sl + nAS in steering angle conformance is detected; and the 
process is repeated until the steering angles a l5 a 2 , a 3 , a 4 have been changed from 
the steering angles [a u a 2 , a 3 , a 4 ] si to the steering angles [a u a 2 , a 3 , a 4 ] S2 . 
[0083] Another basic mode for carrying out the present invention is a four- 
wheel-independent-steering- vehicle steering control method that constitutes 
steering control wherein, by changing how a steering command value is taken for 
changing the direction of travel of a vehicle by separately controlling steering 
angles a,, a 2 , a 3 , a 4 and speeds of rotation nl, n2, n3 ,n4 of the four wheels in 
accordance with steering constraint condition equations for forming a prescribed 
steering mode, one of the variables of the steering constraint condition equation is 
used as a steering command value S, in a process for changing the steering 
command value S from a value St to a value S 2 for transitioning the steering 
angles a { , a 2 , a 3 , a 4 from the values [c^ , <x 2 , <x 3 , a 4 ] S i, which correspond to the 
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command value S u to the values [a l3 a 2 , a 3 , a 4 ] S2 , which correspond to the 
command value S 2 , 

[0084] incremental transition steering angles [04, a 2 , a 3 , a 4 ] S i + as and 
incremental transition speeds of rotation [nl, n2, n3, n4] si + AS corresponding to the 
steering command value (S! + AS), which is the steering command value Sj to 
which an incremental steering command value AS has been added, are computed 
as values that satisfy said steering constraint condition equations; 
[0085] the steering angles a l9 a 2 , a 3 , a 4 and speeds of rotation nl, n2, n3, n4 are 
changed toward the incremental transition steering angles [a u a 2 , a 3 , a 4 ] sl + ^ and 
speeds of rotation [nl, n2, n3, n4] S! + as; 

[0086] after the steering angles a,, a 2 , a 3 , a 4 have reached the incremental 
transition steering angles [a u a 2 , a 3 , a 4 ] S i + as, and steering angle conformance has 
been detected, incremental transition steering angles [a u a 2 , a 3 , a 4 ] S i + 2 as and 
incremental transition speeds of rotation [nl, n2, n3, n4] sl +2AS corresponding to 
the steering command value (Sj + 2 AS), which is the steering command value Si 
to which an additional incremental steering command value AS has been added, 
are computed as values that satisfy said steering constraint condition equations; 
[0087] the steering angles 04, a 2 , a 3 , a 4 and speeds of rotation nl, n2, n3, n4 are 
changed toward the incremental transition steering angles [a u a 2 , a 3 , a 4 ] S i +2A s and 
incremental transition speeds of rotation [nl , n2, n3, n4] sl + 2AS ; 
[0088] from this point on, after steering angle conformance of the steering 
angles a l5 a 2 , a 3 , a 4 is detected, incremental transition steering angles [a u a 2 , a 3 , 
<* 4 ]si +nAS and incremental transition speeds of rotation [nl, n2, n3, n4] si + nA s 
corresponding to the steering command value (Si + nAS), which is the steering 
command value Si to which the incremental steering command value AS has been 
added [n times] in succession, are computed as values that satisfy said steering 
constraint condition equations; the steering angles a u a 2 , a 3 , a 4 and speeds of 
rotation nl, n2, n3, n4 are changed toward the incremental transition steering 
angles [a l5 a 2 , a 3 , a 4 ] S i +„as and incremental transition speeds of rotation [nl, n2, 
n3, n4] sl +nA s; arrival of the steering angles a l3 a 2 , a 3 , a 4 at the transition steering 
angles [<x l? a 2 , a 3 , a 4 ] sl +nAS in steering angle conformance is detected; and the 
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process is repeated until the steering angles a u a 2 , a 3 , a 4 have been changed from 
the steering angles [a l9 a 2 , a 3 , a 4 ] S i to the steering angles [ai, a 2 , a 3 , a 4 ] S2 . 
[0089] In the following paragraphs, the present invention will be described 
with reference to drawings showing an embodiment thereof. FIG. 1 is a plan view 
showing the basic configuration of the body base of the electric vehicle [in an 
embodiment] of the present invention. FIG. 2 is an oblique view of a 
steering/drive block installed on the body base of FIG. 1. Shown in FIG. 1 are an 
electric vehicle body base 1; points PI and P2, which indicate the locations at 
which the two front wheels, right and left, respectively, are installed on the under- 
surface of the base body 1; and points P3 and P4, which indicate the positions at 
which the two rear wheels, right and left, respectively, are installed on the under 
surface of the base body 1. Also shown are a right front wheel 21, a left front 
wheel 22, a right rear wheel 23, and a left rear wheel 24. An arrow N indicates the 
straight-forward direction of travel of the vehicle. Points PI, P2, P3, and P4 (the 
locations of the wheels 21, 22, 23, and 24) lie at the intersections of the sides of a 
rectangle having a center point O, i.e., the center relative to the points PI, P2, P3, 
and P4. It will be assumed, for the purposes of this description, that an X axis and 
a Y axis passing through the center point O are orthogonal coordinate axes. The X 
axis forms a center line between the front wheels 21 and 22, and rear wheels 23 
and 24, thus constituting a center line in the left-right direction of the vehicle; and 
the Y axis forms a center line between the right wheels 21 and 23 and left wheels 
22 and 24, thus constituting a center line in the front-rear direction of the vehicle. 
Also, the Y axis lies in the direction of straight forward travel of the vehicle, 
which is the direction indicated by the arrow N. The points PI and P2 are 
connected by a front wheel axis line HI, which is the equivalent of a virtual axle 
for the front wheels 21 and 22. The points P3 and P4 are connected by a rear 
wheel axis line H2, which is the equivalent of a virtual axle for the rear wheels 23 
and 24. A distance L is the distance between the X axis and the points PI, P2, P3, 
and P4; and a distance W is the distance between the Y axis and the points PI, P2, 
P3, and P4. A point Po marks the center of a line connecting PI (the location of 
the right front wheel) with P2 (the location of the left front wheel). Pn marks an 
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arbitrary point on the body base 1 that could mark, for example, the location at 
which a vehicle driver would stand, the position of which is indicated in 
orthogonal coordinates of the X and Y axes (in the form x n ,y n ). A<, indicates the 
direction in which the point Po moves along with the motion of the vehicle, and a G 
is the angle formed between A 0 (direction of Po motion) and the vehicle center 
line Y (i.e., the angular direction of motion of the center point Po as the vehicle is 
steered). A n indicates the direction in which the point Pn moves along with the 
motion of the vehicle, and is the angle formed between A n (direction of Pn 
motion) and the vehicle center line Y (i.e., is the angular direction of motion of 
the point Pn as the vehicle is steered). 

[0090] The speeds of rotation of the right front wheel 21, the left front wheel 

22, the right rear wheel 23 and the left rear wheel 24 are represented by nl, n2, n3, 

and n4, respectively; and the steering angles of the right front wheel 21, the left 

front wheel 22, the right rear wheel 23 and the left rear wheel 24, when the vehicle 

is under steering control, are represented by a 1? a 2 , a 3 , and <x 4 , respectively. Also, 

the pointing directions (directions of travel) of the right front wheel 21, the left 

front wheel 22, the right rear wheel 23 and the left rear wheel 24, when the vehicle 

is under steering control, are represented by Al, A2, A3, and A4, respectively. 

[0091] When the vehicle is under steering control, each individual rotation 

speed nl, n2, n3, n4 and steering angle a u a 2 , a 3 , a 4 of the wheels 21, 22, 23, 24, is 

separately and independently controlled. To accomplish this, each of the wheels 

21-24 is provided a separate steering/drive block, designated B 1 , B2, B3, and B4, 

ir- 
respectively. As shown in FIG. 2, each drive block comprises a drive motor (21a, 

22a, 23a, 24a) for controlling speed of rotation, and a steering motor (21b, 22b, 

23b, 24b) for controlling steering angle, with both motors appropriately coupled to 

their respective wheels of the vehicle. When the vehicle is under driving control, 

the actual direction of travel (the actual steering angle) of each of the wheels 21, 

22, 23, 24 is sensed by a steering angle sensor, a sense signal of which is fed-back 

to the control system for effecting steering control for maintaining the 

corresponding steering angles <i|, a 2> a 3 , a 4 in accordance with the steering 

command values set by the driver. Also, steering modes Ml, M2, M3, M4, and 
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M5 are prepared for the above vehicle, and a computation means (computer) with 
computation programs for computing the steering angles and rotation speeds for 
each wheel, as required for generating each of the modes, is incorporated into the 
electric vehicle. The drive motors used for the wheels may be d.c. motors, 
synchronous motors, or induction motors. If four series-connected d.c. motors 
with identical specifications are used for the drive motors, however, the four 
motors will operate together as a complementary electrical circuit, and (barring 
wheel spinning) the ratios of the nl, n2, n3, n4 rotation speeds will automatically 
conform to the applicable constraint condition equations, thus eliminating the need 
to independently control individual motors. 

[0092] The steering mode Ml, as shown in FIG. 3, is a mode such that the 
front wheel steering angles ai and a 2 and the rear wheel steering angles <x 3 and <x 4 
are set to opposite left/right directions relative to the direction in which the vehicle 
is traveling, thus causing the wheel travel paths of the left and right rear wheels to 
follow in the travel paths of the left and right front wheels. In FIG. 3, a point P5 
(at x, y coordinates R,0) indicates the center-of-turn when the vehicle is making a 
right (clockwise) turn; and a point P6 (at x, y coordinates -R, 0) indicates the 
center-of-turn when the vehicle is making a left (counter-clockwise) turn. In 
steering mode Ml, as shown in FIG. 3, during a turn, the travel paths of the wheels 
21-24 describe concentric arcs, ^yith the points P5 and P6 at the centers of the 
concentric arcs. Moreover, as will become apparent upon further study of FIG. 3, 
to operate in steering mode Ml for steering angles ai and a 2 under conditions as 
listed in Table 1, the steering angles <i|, a 2 , a 3 , a 4 and rotation speeds nl, n2, n3, 
n4 of the wheels 21, 22, 23, 24, respectively, must satisfy the steering constraint 
condition equations (Eq.l 1), (El 2), and (Eq.13). 
[0093] Table 1 
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[0094] In steering mode M2, as shown in FIG. 4, the front wheel steering 
angles a l3 and <x 2 , and rear wheel steering angles a 3 , and <x 4 , are all set to the same 
direction and same angle, thus producing a travel path pattern in which the travel 
paths of the rear wheels run parallel to the travel paths of the front wheels, thus 
causing the vehicle to perform an oblique parallel move to the right or left. As is 
apparent from FIG. 4, to drive the vehicle in steering mode M2, the respective 
steering angles a u a 2 , a 3 , a 4 , and wheel rotation speeds nl, n2, n3, n4 must satisfy 
the condition equations (E21) and (E22): 

(*! = a 2 = a 3 = a 4 (E21) 
n x = n 2 = «3 = «4 (E22) 
[0095] Steering mode M3, as shown in FIG. 5, is a mode in which only the 
front wheels (steering angles cii and <x 2 ) are steered, as is the case in a conventional 
automobile. The travel paths of the front and rear wheels therefore describe an 
inside wheel difference pattern therebetween. As is apparent from FIG. 5, to 
operate in steering mode M3, the steering angles <Xi, <x 2 , a 3 , a 4 and rotation speeds 
nl, n2, n3, n4 of the wheels must satisfy the condition equations (E31), (E32), 
(E33), (E34). Also, as shown in FIG. 5, the right turn center point P5' and left turn 
center point P6 1 are both separated from the rear wheel axis line H2 by a distance d. 
At low vehicle speeds, it may be assumed that d ^0. 
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ex. 



*i = tan-'f 2L } 

• Kr+wJ 



(E31) 



(E32) 



a 3 = a 4 = 0 



(E33) 



;»?i;i;>«2;'i: : »3:;«*- ~ j(Jt -lV) 2 + (2/,) 2 ': + »0 2 + (2£.) 2 



(E34) 



[0096] 



where 





Will* 



[0097] and where it is assumed that d = 0 because the vehicle is operated at 
low speed. 

[0098] Steering mode M4, as shown in FIG. 6, is a mode in which the vehicle 
makes right (clockwise) turns with the right rear wheel point P3 as center-of-turn, 
and makes left (counter-clockwise) turns with the left rear wheel point P4 as 
center-of-turn. As is apparent from FIG. 6, to operate in steering mode M4, the 
steering angles a l5 a 2 , a 3 , a 4 and rotation speeds nl, n2, n3, n4 of the wheels must 
satisfy and support the condition equations (E41), (E42), (E43), (E44), (E45), 
(E46), (E47), and (E48). 

[0099] When the vehicle is turned clockwise, with the right rear wheel point P3 
as center-of-turn, 




(E41) 




(E42) 



a 3 = a 4 = 0 



(E43) 



«i - «j :« 3 :» 4 —L ; 4W* + L 1 : 0: W 



(E44) 



[00100] 



Where 



30 



7t 

0<oc 2 ■< — 
2 



[00101] When the vehicle is turned counter-clockwise, with the left rear 

wheel point P4 as center-of-turn, 



cc x as tan 



| (E46) 
a 3 = a 4 = 0 (E47) 



i«i :»,:«4 = ^IW 2 +L 2 :L:W < 0 (E48) 
[00102] where 

- <.a 4 < 0 

2 * 

[00103] Steering mode M5, as shown in FIG. 7, is a mode in which the 
vehicle makes right (clockwise) turns with the right front wheel, point PI, as the 
center-of-turn, and makes left (counter-clockwise) turns with the left front wheel, 
point P2, as the center-of-turn. As is apparent from FIG. 7, to operate in steering 
mode M5, the steering angles a u a 2 , a 3 , a 4 , and rotation speeds nl, n2, n3, n4 of 
the wheels must satisfy the condition equations (E51), (E52), (E53), (E54), (E55), 
(E56), (E57), and (E58). 

[00104] When the vehicle is turned clockwise, with the right front wheel 
point PI as center-of-turn, 

a,= a 2 = 0 (E51) 

(E52) 

^ =stan "{-#) (E53) 



«, :* 2 :/t 3 <nt-Q:W:b: jW 2 %l} (E54) 
[00105] where 
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[00106] When the vehicle is turned counter-clockwise, with the left front 
wheel point P2 as center-of-turn, 

ai=a 2 = 0 (E55) 




(E56) 




(E57) 



(E58) 



[00107] 



where 




Because the separate paths traveled by the four wheels in the modes 



Ml, M2, M3, M4 and M5 are not the same, the wheels must be driven at different 
rotation speeds according to the arc lengths of the paths they travel. Also, the 
steering angles a u <x 2 , a 3 , a 4 and rotation speeds nl, n2, n3, n4 of the wheels must 
be controlled [not only during turns, but] also during steering transitions and after 
steering has ended (with commands to control the speed and direction of the 
vehicle) such as to satisfy the conditions of the condition equations (Ell) through 
(E58), as determined by the steering mode. Failure to satisfy these conditions will 
cause wheel spinning and skidding, and toe-in/out between left and right wheels. 
[00109] Accordingly, provided in the vehicle is a wheel steering angle 
computation means containing in its memory 

[00110] a computation program for computing wheel steering angles a j5 a 2 , 
a 3 , a 4 , based on steering constraint condition equations required for steering in 
steering mode Ml (El 1 and El 2); 

[00111] a computation program for computing wheel steering angles a u <x 2 , 
<x 3 , a 4 , based on the steering constraint condition equation required for steering in 
steering mode M2 (E21); 
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[00112] a computation program for computing wheel steering angles ai, <x 2 , 
a 3 , a 4 , based on steering constraint condition equations required for steering in 
steering mode M3 (E3 1 , E32, and E33); 

[00113] a computation program for computing wheel steering angles a 1? a 2 , 
a 3 , a 4 , based on steering constraint condition equations required for steering in 
steering mode M4 (E41 , E42, E43, E45, E46, and E47); and 
[00114] a computation program for computing wheel steering angles a u a 2 , 
a 3 , a 4 based on steering constraint condition equations required for steering in 
steering mode M5 (E5 1 , E52, E53, E55, E56, and E57). 

[00115] Also provided in the vehicle is a wheel rotation speed computation 
means containing in its memory 

[00116] a computation program for computing wheel rotation speeds nl , n2, 
n3, n4, based on the steering constraint condition equation required for steering in 
steering mode Ml (El 3); 

[00117] a computation program for computing wheel rotation speeds nl, n2, 
n3, n4, based on the steering constraint condition equation required for steering in 
steering mode M2 (E22); 

[00118] a computation program for computing wheel rotation speeds nl, n2, 
n3, n4, based on the steering constraint condition equation required for steering in 
steering mode M3 (E34); 

[00119] a computation program for computing wheel rotation speeds nl, n2, 
n3, n4 based on steering constraint condition equations required for steering in 
steering mode M4 (E44 and E48); and 

[00120] a computation program for computing wheel rotation speeds nl, n2, 
n3, n4, based on steering constraint condition equations required for steering in 
steering mode M5 (E55 and E58). 

[00121] In the present invention, the steering process of a four-wheel- 
independent steering vehicle is controlled while the vehicle is moving, such that 
steering constraint condition equations as described above will always be satisfied, 
and the occurrence of wheel toe-in/out phenomena will be prevented. To 
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accomplish this 'steering command values' for setting and changing the steering 
angles (a,, a 2 , a 3 , a 4 ) of the wheels must be considered. 

[00122] For example, in steering mode Ml , as mentioned above, the steering 
angles <x 1? a 2 , a 3 , and a 4 are determined by the equations El 1 and El 2: 



— -to) 

""""•'""'{jTw) < 12 > 

[00123] Here, there are five variables, a u a 2 , a 3 , a 4 and R, and since they 
exist in four equations, if one of the variables is determined the others can easily 
be found. And since the distances L and W are determined by the vehicle design, 
the steering angles a l5 a 2 , a 3 , and <x 4 can easily be determined by determining the 
value of R. Therefore, the distance R (the vehicle turning radius) was used as the 
'steering command value.' 

[00124] For another example, in steering mode M3, as mentioned above, the 
steering angles <Xi, a 2 , a 3 , and a 4 are determined by equations the E31, E32, and 
E33: 

a 3 = a 4 = 0 (E33) 
[00125] Here there are three variables, a l5 a 2 and R that exist in two 
equations, thus if one of the three variables is known, the others can easily be 
found. And since the distances L and W are determined by the vehicle design, the 
steering angles a l5 a 2 , a 3 , and a 4 can easily be determined by determining the value 
of R. Therefore, the distance R (the vehicle turning radius) was used as the 
'steering command value.' 

[00126] If the distance R and steering angles a l5 a 2 , a 3 , and <x 4 are 
determined for W = 0.5m and L = lm, steering mode Ml will have the 
characteristic of FIG. 8, and steering mode M3 will have the characteristic of 
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FIG. 9. Next, using steering mode Ml as an example, if the vehicle were to be 
steered such as to change R from lm to 2m, we can see from FIG. 8 that this 
changes a { from 63.2 to 33.7 degrees, for a change of 63.2 - 33.7 = 29.5 degrees; 
and changes <x 2 from 33.7 to 21.8 degrees, for a change of 33.7 - 21.8 = 1 1.9 
degrees. Now, when this steering is performed, if the steering angles a { and a 2 
are changed with the wheels all turning at the same angular velocity, when the 
steering angle <x 2 [(left front wheel)] has turned fully to its target value, the 
steering angle a! [(right front wheel)] will still be turning toward its target value, 
putting the left and right [front] wheels in a toe-out state with respect to the 
direction of travel of the vehicle. If the vehicle is steered by changing R from 2m 
to lm, the opposite, toe-in condition will exist. When this toe-in/out phenomenon 
occurs, it can apply excessive force to the steering mechanism, and can also cause 
anyone riding in/on the vehicle to pitch forward, creating a dangerous situation. 
Toe-in/out phenomena, then, must be prevented. We know that to prevent toe- 
in/out phenomena, the condition equations El 1 and El 2 must be satisfied for all 
cross-sections of time during which the vehicle is in motion. This is true not only 
in steering mode Ml, but also in modes M2, M3, M4, and M5. This state wherein 
the values of the steering angles (direction of travel) of the wheels of the vehicle 
are such that the applicable steering constraint condition equations are satisfied is 
referred to in this application as 'steering angle conformance.' 
[00127] One way to maintain steering angle conformance would be for the 
driver, when changing the distance R (the steering command value) to a new 
steering command value (distance), thus to change the steering angles a u a 2 , a 3 , a 4 , 
to do so by changing the steering command value (distance) R gradually, while 
periodically computing new steering angles that satisfy the [applicable] steering 
constraint condition equations, thus causing the steering angles ai, a 2 , a 3 , a 4 to 
change gradually such that after the short steering command lag time, the steering 
command value (distance) R will have been taken to the newly set steering 
command value (the target steering command value to exist after the change), and 
the steering angles a u a 2 , a 3 , a 4 will have made the transition to the desired 
steering angles corresponding to said newly set steering command value. 
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[00128] In other words, the steering control method of the present invention 
is characterized in that, in steering control wherein, by changing a steering 
command value, the direction of travel of a vehicle is changed by separately 
controlling the steering angles a u a 2 , a 3 , a 4 and the speeds of rotation nl, n2, n3, 
n4 of the four wheels of the vehicle in accordance with steering constraint 
condition equations for defining a prescribed mode, wherein a command value is 
defined as a distance R, which is the distance between a point central to the 
positions of the four wheels, and the center points of concentric arcs described by 
the turning-vehicle-travel-paths of the wheels; in a process for changing the 
command value R from a value R { to a value R 2 , for transitioning the steering 
angles a l5 a 2 , a 3 , a 4 from the values [a,, a 2 , a 3 , a 4 ] R1 , which correspond to the 
command value R l5 to the values [a u a 2 , a 3 , a 4 ] R2 , which correspond to the 
command value R 2 ; 

[00129] incremental transition steering angles [a u a 2 , a 3 , a 4 ] R i + AR and 
incremental transition rotation speeds [nl, n2, n3, n4] R1 +AR corresponding to the 
steering command value (Rj + AR), which is the steering command value R x to 
which an incremental steering command value AR has been added, are computed 
as values such that said steering constraint condition equations will be satisfied; 
[00130] the steering angles a b a 2 , a 3 , a 4 and rotation speeds nl, n2, n3, n4 
are changed toward the incremental transition steering angles [a,, a 2 , a 3 , a 4 ] R] + AR 
and incremental transition rotation speeds [nl, n2, n3, n4] R1 + ^; 
[00131] when the steering angles a 1? a 2 , a 3 , a 4 have reached the incremental 
transition steering angles [a ls a 2 , a 3 , a 4 ] R1 +AR and steering angle conformance has 
been detected; incremental transition steering angles [<i|, a 2 , a 3 , a 4 ] R j +2AR and 
incremental transition rotation speeds [nl, n2, n3, n4] R1 +2AR corresponding to the 
steering command value (Rj + 2AR), which is the steering command value (K x + 
AR) to which an additional incremental steering command value AR has been 
added, are computed as values such that said steering constraint condition 
equations will be satisfied; 
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[00132] the steering angles a i5 a 2 , a 3 , a 4 and wheel rotation speeds nl, n2, n3, 
n4 are changed toward the incremental transition steering angles [<Xi, a 2 , a 3 , a 4 ] R1 + 
2ar and incremental transition rotation speeds [nl, n2 3 n3, n4] R1 + 2AR ; an d 
[00133] from this point on, proceeding in the same manner as above, when 
steering angle conformance of the wheel steering angles a [9 a 2 , a 3 , a 4 has been 
detected, incremental transition steering angles [ai, a 2 , a 3 , a 4 ] R1 + nAR and 
incremental transition rotation speeds [nl, n2, n3, n4] R1 +nAR corresponding to the 
steering command value (R, + nAR), which is the steering command value R x to 
which the incremental steering command value AR has been added n times, are 
computed as values such that said steering constraint condition equations will be 
satisfied; 

[00134] the steering angles <x l5 a 2 , a 3 , a 4 and wheel rotation speeds nl, n2, n3, 
n4 are changed toward the incremental transition steering angles [a b a 2 , a 3 , a 4 ] R1 + 
nAR and incremental transition rotation speeds [nl, n2, n3, n4] RJ +nAR ; and 
[00135] when the steering angles a u a 2 , a 3 , a 4 have reached the incremental 
transition steering angles [oti, a 2 , a 3 , a 4 ] R1 +AnR and steering angle conformance has 
been detected, the above process is repeated, continuing until the respective 
steering angles a u a 2 , a 3 , a 4 have been changed from the steering angles [a 1? a 2 , a 3 , 
a 4 ] R1 to the steering angles [ai, a 2 , a 3 , oJrj. 

[00136] Next, we will consider the sensitivity of wheel steering angles a 
with respect to the steering command value distance R (vehicle turning radius) in 
steering mode Ml. In general, because we have formula (1) and formula (2), 
shown below, condition equation (El 1) can be expanded as follows: 
[00137] Ify = tan l x, then 

&y = . ... : 1. Formula ( 1 ) 

[00138] and if 

[001391 then 
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dx 



1 

— y Formula (2) 



^^^a^^S^ (Ell) 

da x \ = da i = 1 (-Z,) , = ,-.L: 

dR • £ L y (R - m ^W^^W Equation (1) 

\R-W) 



[00140] Similarly, 
dpc^ dcx A _ — L Equation (2) 

[00141] If we solve equation (1) and equation (2) for the values W = 0.5m 
and L = lm, the results are as shown in FIG. 10. As shown in FIG. 10, in the area 
where R is small, a is highly sensitive to R, and we can see that the sensitivity is 
different for left and right wheels. FIG. 1 1 shows the results for the same 
computations performed for steering mode M3. In this case as well, the a is 
highly sensitive to R in the area where R is small, and sensitivity differs between 
left and right wheels. 

[00142] Thus the sensitivity of the wheel steering angles a to the distance R 
(the vehicle rotation radius/steering command value) varies widely depending on 
the value of R. The distance R per se is therefore not a good value to use as the 
steering command value. A possible consideration would be to introduce distance 
R as a function of time, R = f(t), and to control wheel steering angles a through the 
function R = f(t). The function is introduced as follows: 
[00143] Equation (1) is transformed as follows: 
dia { _ dotf dt _ — - ; L. 

dR " dt Idk ~ (M - ivy 2 + 1? 

dxx x _ - L dR Equation (3) 

dt * (R ^WT + I? dt 



[00144] Similarly, 

dec 2i . . . dR Equation (4) 

dt ~ (R+W)* +1? dt 
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[00145] Then, setting 

[00146] (Where K = constant value) 

dcc x \_ ■ _ — L dR Equation (5) 

[00147] Accordingly, we then have 

1 dR = - — dt Equation (6) 



\ -/» rK-. ^ Equation (7) 



[00148] Then by applying formula (3) we eventually arrive at Equation (13); 
i.e., 

r HL , . . 1 . _i X Formula (3) 

\ ■ 7 ox = — tan — 

.■AtAffeSS^ -"Mi ^ G Equation (8) 



Equation (9) 



*0^m*r*t*m: Equation (10) 

#=^# tan(-^ + CZ,) Equation (11) 

[00149] Here, if we set R=0 W=0.5 L=l and t=0, the integration 
constant CL is CL=0.463648 (rad). Accordingly, if K= ti/20, then 
R = W - L tan(Kt 4- 0.463648) Equation (12) 

Equation (13) 



R = 



Ztah^--^-* + 0.463648 j 



[00150] Thus the distance R can be varied as a function of time t in Equation 
(13). When this is done, the right front wheel steering angle cii and left front 
wheel steering angle a 2 are given by Equations (14), (15), and (16), as follows: 
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cc x =jtaii 



■ cc .■== ftarv 



f— 1 



tanj^- ~i 4- G.463648 



tan ~ 



2W 



V 



/ + 0.463648 

20 J; 



cr 2 .= tan" 



1 



i + O 463648 I 
20 J 



(Ell) 
Equation (14) 

(E12) 
Equation (15) 

Equation (16) 



[00151] FIG. 12 shows variation in distance R, right wheel steering angle a! 
and left wheel steering angle a 2 against time t. From this, we know that variations 
in right wheel steering angle a! are linear over time t. Thus when R (the distance 
between the vehicle's center-of-rotation and the vehicle front-to-rear center line Y) 
is used as the command value, the variation in da/dR is large in regions of R 
variation; therefore, good control can be realized by introducing a new function of 
distance R and time t, R = f(t), that will make this [(da/dR)] constant (e.g. in 
steering mode Ml, R = W + L tan(-Kt + CL)), controlling distance R as a function 
of time t, and controlling steering angles a from that distance R. 
[00152] As described above, although using the distance R as the steering 
command value simplifies theoretical development, when it comes to a driver 
actually controlling the steering, it would definitely make steering operations 
difficult. The difference in sensitivity da/dR at low and high values of distance R 
is in the double digits. Also, in the range of steering angles near the straight 
forward direction of the vehicle where, in actual driving, the frequency [of steering 
events] is highest, the sensitivity da/dR is high, making the steering hyper- 
sensitive. Also, the distance R value could abruptly invert between - oo and + oo or 
between + co and - oo. Moreover, since the distance R is the distance to the center- 
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of-rotation in the lateral direction of the vehicle, for the driver, it would be very 
difficult to associate this with an actual 'feel' for the steering of the vehicle. These 
factors make operation extremely difficult for the driver. 

[00153] Therefore, in the present invention, instead of the distance R, the 
angle a 0 is used for the steering command value. The angle a Q is the angle formed 
between the center line of the vehicle and the direction of travel of the point Po, 
which marks the center of a line connecting the left and right front wheels. 
[00154] That is, in steering mode Ml (FIG. 3), for example, 

Equation (17) 



tan ^ » 



tSLVtCX. 



Equation (18) 



o 



[00155] Then by substituting equation (18) in equations (El 1), (E12), and 
(El 3), the relationship between the steering angles ai, a 2 , a 3 , a 4 , and wheel 
rotation speeds nl, n2, n3, n4 can be expressed by the following equations: 



xx± <*^ : = tan 



v tanoc 0 



= tan 



W 



v tan cc Q 



-ct 4 ;•■= ,tan" 



— tan" 



v tan« 0 



it 



Equation (19) 



Equation (20) 



tan 



ct 0 ) fv.tana 0 J 



Equation (21) 



[00156] 



tati^To = 



In steering mode M3 (FIG. 5), 



2L 



Equation (22) 



Equation (23) 
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[00157] By substituting equation (23) in equations (E3 1), (E32), and (E34), 
the relationship between the steering angles a i5 a 2 , and the wheel rotation speeds 
nl, n2, n3, n4 can be expressed by the following equations: 



ce x =r tan" 



2Z, 



27, 



J. taricr 0 



-W 



= tan r 



^ tan cr Q 



W 
2X 



ez 2 *p tan" 



tan cc(y 2.JL 



2L 



21 



tana, 



Equation (24) 



Equation (25) 



Equation (26) 



tana 



tan a d !■ 



tana. 



Wx 



[00158] The relationships between the angle <x 0 (the angle formed between 
the vehicle center line Y and the direction of travel of the center point Po) and the 
steering angles of the wheels <Xi, a 2 , a 3 , a 4 , for values of W = 0.5 m and L = lm, 
are shown for steering modes Ml and M3 in FIG. 13 and FIG. 14, respectively. 
Thus by using the angle a Q (the angle formed between the vehicle center line Y 
and the direction of travel of the center point Po of a line connecting the left and 
right front wheels) as the steering command value for steering control, we can 
eliminate control system hypersensitivity and discontinuity characteristics that 
caused problems when the distance R was used as the steering command value. 
This makes it possible for a driver to execute steering control that seems right in 
terms of his or her sense of the direction in which the vehicle is actually being 
steered. 

[00159] Also, instead of this center point Po (described above), an angle On, 
which is the angle formed between the vehicle center line Y and the direction of 
travel of a point Pn (arbitrarily located on the vehicle at the coordinates x n ,y n ), 
could be used as the steering command value. (See FIG. 3 and 5.) 
[00160] When the angle o^, the angle formed between the vehicle center line 

Y and the direction of travel of the point Pn (arbitrarily located on the vehicle at 



42 



the coordinates x n ,y n ) is used as the command value, the relationships between the 
angle and the P n coordinates x n ,y n are given by 

.... Yn Equation (27) 



tancc n == 



R ' - x„ -4- 



Equation (28) 

tan <x n 

[00161] For steering mode Ml, the above equation (28) can be substituted in 
equations (El 1), (El 2) and (El 3) to obtain the following equations (29), (30) and 
(31), and the wheel steering angles a u a 2 , a 3 , a 4 , and rotation speeds nl, n2, n3 n4 
can then be controlled based on o^, the direction of travel of the point Pn (steering 
command value): 



«, =t-ov = tan 



r 



■ <x, ==':^6t- 3 =■=■ tail 



W 



(Ell) 



Equation (29) 



a 2 = -cc 4 = tan" 



X;„:+ y " + W 



tana„ 



njuj^njtn., =; x. + 



wl +.L? :Jfx 1 ,+-^-+ wl +L 1 

tana. J " tenet. ) 



tan 



«. / % tana, j 



(E12) 



Equation (30) 



Equation (31) 



[00162] For steering mode M3, the above equation (28) can be substituted in 
equations (E3 1), (E32) and (E34) to obtain the following equations (32), (33) and 
(34), and the wheel steering angles a u <*2> <*3, « 4 , and rotation speeds nl, n2, n3 n4 
can then be controlled based on c^, the direction of travel of the point Pn (steering 
command value): 
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a, — tan 



U-»v 



oc, = tan" 



2L 



x h ,^ y " 

V tan<x„ y 



ot 2 := tan" 



a 3 = a 4 = 0 



2L 




tana- 



4m « 



(E31) 

Equation (32) 

(E32) 

Equation (33) 
Equation (E33) 

Equation (34) 



[00163] As is clear from the above examples, according to the four-wheel- 
independent-steering vehicle steering control method of the present invention, 
wherein one of the variables of a steering constraint condition equation for 
forming a prescribed steering mode is defined as the steering command value S; in 
a process for changing the steering command value S from a value Si to a value S 2 , 
for transitioning the steering angles a 1? a 2 , a 3 , a 4 from the values [a l5 a 2 , a 3 , a 4 ] S t, 
which correspond to the command value S l5 to the values [a l5 a 2 , a 3 , a 4 ] S2 , which 
correspond to the command value S S2 ; 

[00164] incremental transition steering angles [a u a 2 , a 3 , a 4 ] si +AS 
corresponding to the steering command value (Si + AS), which is the steering 
command value Si to which an incremental steering command value AS has been 
added, are computed as values such that said steering constraint condition 
equations will be satisfied; 

[00165] the steering angles a j5 a 2 , a 3 , a 4 are changed toward the incremental 
transition steering angles [a u a 2 , a 3 , a 4 ] SJ + AS > and when the steering angles a u a 2 , 
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<x 3 , a 4 have reached the incremental transition steering angles [<Xi, <x 2 , a 3 , a 4 ] S i + A s> 
and steering angle conformance is detected, incremental transition steering angles 
[<X|, <x 2 , a 3 , a 4 ] S i + 0 as corresponding to the steering command value (Si + nAS), 
which is the steering command value Si to which the incremental steering 
command value AS has been added n times in succession, are computed as values 
such that said steering constraint condition equations will be satisfied, the steering 
angles a l5 a 2 , a 3 , a 4 are changed toward the incremental transition steering angles 
[a b <x 2 , a 3 , a 4 ] sl + has; and 

[00166] the wheel steering angles a u a 2 , a 3 , a 4 are changed from steering 
angles [a 1? a 2 , a 3 , a 4 ] S! corresponding to the steering command value S b to 
steering angles [ai, <x 2 , a 3 , a 4 ] S 2, corresponding to the steering command value S2, 
[00167] thus preventing the occurrence of severe wheel toe-in/out 
phenomena in the vehicle steering process. 

[00168] Also, according to the present invention, a steering angle On (the 
angle formed between a center line Y between the left and right front wheels of 
the vehicle and the direction of travel of a point Pn, an arbitrary point on the 
vehicle, such as, for example, the location at which the driver stands; or an angle 
a 0 (the angle formed between a center line Y between the left and right front 
wheels of the vehicle and the direction of travel of a center point Po on a line 
connecting the left and right front wheels) may be used as the command value. 
This adapts the steering command value to the driver's sense of steering direction, 
thus preventing steering operation errors by the driver and facilitating quick and 
accurate steering in the desired direction. 

[00169] Also, according to the present invention, when the vehicle is started 
out from a stop, or when the prescribed steering mode is changed, the steering 
angles a,, a 2 , a 3 , a 4 of the wheels are first momentarily reset to the 0-degree 
straight ahead value before separately changing the steering angles <Xi, a 2 , a 3 , a 4 as 
required to conform to the steering constraint condition equations for the 
prescribed mode. 

[00170] Also, according to the present invention, when the vehicle is just 
starting out or is changing modes, it does so only after the steering angles of the 
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wheels a 1? a 2 , a 3 , a 4 are in conformance with the steering constraint condition 
equations that define the prescribed mode. This improves driving safety by 
reducing the chance for collisions when the vehicle is starting out from a stopped 
state, or when the steering mode is changed. It enables the vehicle to start out 
accurately and smoothly in the desired direction and in the prescribed steering 
mode when starting out from a stop or making a steering mode change. 
[00171] The foregoing describes preferred embodiments of the invention. A 
variety of modifications could be made, however, without deviating from the 
scope of the invention as defined by the following claims: 



